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FIG., 29
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MANUFACTURING METHOD OF
SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The disclosure of Japanese Patent Application No. 2017-
154110 filed on Aug. 9, 20177 including the specification,
drawings and abstract 1s incorporated herein by reference 1n
its entirety.

BACKGROUND

The present invention relates to a manufacturing method
of a semiconductor device and a semiconductor device, and
can be suitably used, for example, for a semiconductor
device using a nitride semiconductor.

Because GaN-based nitride semiconductors have a wider
band gap and higher electron mobility than Si-based and
(GaAs-based semiconductors, they are expected to be applied
to transistors for high breakdown voltage, high output, or
high frequency applications, and have been actively devel-
oped 1n recent years. Among such transistors, transistors
having a normally-ofl characteristic are useful, and struc-
tures for providing a normally-off characteristic have been
studied.

For example, Patent Document 1 discloses a semiconduc-
tor device including an underlayer, an electron supply layer,

a two-dimensional electron gas elimination layer, a first
insulating film, and a gate electrode.

RELATED ART DOCUMENT

Patent Document

[Patent Document 1] Japanese Patent Publication No.
5684574

SUMMARY

The present inventors are engaged in the research and
development of a semiconductor device using a nitride
semiconductor, and are intensively studying to improve the
characteristics of the semiconductor device. In particular,
the structure of a transistor for providing a normally-oil
characteristic (mesa MOS structure) 1s being studied.

And, 1 a process of the research and development of a
semiconductor device using a nitride semiconductor, the
present mventors have found the phenomenon that when a
silicon nitride film 1s brought into contact with a mesa
portion (two-dimensional electron gas elimination layer),
the eliminated 2DEG 1s restored, as described later.

Further, in a transistor having a mesa MOS structure, a
failure caused by a damage during processing of the mesa
portion has been confirmed, as described later.

In view of these, the present inventors have invented and
provided a semiconductor device having good characteris-
tics, in which the above phenomenon 1s utilized, a new type
nitride semiconductor 1s used, and the above failure i1s
climinated.

Other problems and new characteristics will become clear
from the description and accompanying drawings of the
present specification.

Among the embodiments disclosed in the present appli-
cation, the outlines of representative ones will be brietly
described as follows.
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A manufacturing method of a semiconductor device
described in one embodiment disclosed in the present appli-
cation includes the steps of: (a) forming a second nitride
semiconductor layer over a first nitride semiconductor layer;
and (b) forming a third nitride semiconductor layer over the
second nitride semiconductor layer. Further, 1t includes the
steps of: (¢) forming a fourth nmitride semiconductor layer
over the third nitride semiconductor layer; (d) forming a first
film over a first region of the fourth nitride semiconductor
layer; and (e) forming a silicon nitride film over the fourth
nitride semiconductor layer and the first film. Herein, after
the step (b), two-dimensional electron gas 1s generated near
the interface between the second nitride semiconductor layer
and the third nitride semiconductor layer; after the step (c),
the two-dimensional electron gas 1s eliminated; and after the
step (e), the two-dimensional electron gas 1s restored in
second regions on both sides of the first region.

A manufacturing method of a semiconductor device
described 1n one embodiment disclosed 1n the present appli-
cation includes the steps of: (a) forming a second nitride
semiconductor layer over a {irst nitride semiconductor layer;
(b) forming a third nitride semiconductor layer over the
second nitride semiconductor layer; and (¢) forming a fourth
nitride semiconductor layer over the third nitride semicon-
ductor layer. Further, it includes the steps of: (d) forming a
first film over a first region of the fourth nitride semicon-
ductor layer; (e) forming a silicon nitride film over the fourth
nitride semiconductor layer and the first film; and (1) remov-
ing the silicon nitride film. Herein, the electron athnity of the
second nitride semiconductor layer 1s equal to or larger than
that of the first nitride semiconductor layer, the electron
aflinity of the third nitride semiconductor layer 1s smaller
than that of the first mitride semiconductor layer, and the
clectron athnity of the fourth nitride semiconductor layer 1s
larger than that of the first nitride semiconductor layer.

A semiconductor device described 1in one embodiment
disclosed 1n the present application includes: a first nitride
semiconductor layer; a second nitride semiconductor layer
formed thereover; a third nitride semiconductor layer
formed over the second nitride semiconductor layer; and a
fourth nitride semiconductor layer that 1s formed over the
third nitrnde semiconductor layer and has a first region and
second regions located on both sides of the first region.
Further, 1t includes: a source electrode that 1s formed over
the fourth nitride semiconductor layer and in the second
region on one side of the first region; a drain electrode that
1s Tormed over the fourth nitride semiconductor layer and 1n
the second region on the other side of the first region; and a
gate electrode that 1s formed above the first region of the
fourth nitride semiconductor layer. Herein the electron aflin-
ity of the second nitride semiconductor layer 1s equal to or
larger than that of the first nitride semiconductor layer, the
clectron aflinity of the third nitride semiconductor layer 1s
smaller than that of the first nitride semiconductor layer, and
the electron athinity of the fourth nitride semiconductor layer
1s larger than that of the first nitride semiconductor layer.

According to a manufacturing method of a semiconductor
device described in the below-described representative
embodiments disclosed in the present application, a semi-

conductor device having good characteristics can be manu-
factured.

According to a semiconductor device described in the
below-described representative embodiments disclosed in
the present application, the characteristics of the semicon-
ductor device can be improved.
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BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIG. 1 1s a sectional view 1llustrating a schematic con-
figuration of a semiconductor device according to First
Embodiment;

FIGS. 2A to 2D are views each 1llustrating a processing,

step of a test device 1n Examples;

FIG. 3 1s a view 1llustrating a step of measuring the CV
characteristics of the test device;

FIG. 4 1s a view 1llustrating a step of measuring the CV
characteristics of a comparative example device;

FIG. § 1s a graph showing measurement results of the CV
characteristics of the test device and the comparative
example device;

FIG. 6 1s a table showing the presence/absence of the
restoration of 2DFEG 1n the manufactured devices;

FIG. 7 1s a sectional view 1illustrating a configuration of
the semiconductor device according to First Embodiment;

FIG. 8 1s a plan view illustrating a configuration of the
semiconductor device according to First Embodiment;

FI1G. 9 1s a sectional view 1llustrating a manufacturing step
of the semiconductor device according to First Embodiment;

FIG. 10 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment;

FIG. 11 1s a sectional view illustrating a manufacturing,
step of the semiconductor device according to First Embodi-
ment;

FIG. 12 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment;

FIG. 13 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment;

FIG. 14 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment;

FIG. 15 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment;

FIG. 16 1s a sectional view illustrating a manufacturing,
step of the semiconductor device according to First Embodi-
ment;

FIG. 17 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment,

FIG. 18 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment;

FIG. 19 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment;

FIG. 20 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to First Embodi-
ment 1;

FIG. 21 1s a sectional view 1llustrating a configuration of
a semiconductor device according to Second Embodiment;

FIG. 22 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to Second
Embodiment;

FIG. 23 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to Second
Embodiment:

FIG. 24 1s a sectional view illustrating a manufacturing
step of the semiconductor device according to Second
Embodiment:

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 25 15 a sectional view 1llustrating a manufacturing
step of the semiconductor device according to Second
Embodiment;

FIG. 26 1s a sectional view 1llustrating a manufacturing,
step of the semiconductor device according to Second
Embodiment:

FIG. 27 1s a sectional view 1llustrating a manufacturing
step of the semiconductor device according to Second
Embodiment:

FIG. 28 1s a sectional view 1llustrating a manufacturing,
step of the semiconductor device according to Second
Embodiment;

FIG. 29 1s a sectional view 1llustrating a manufacturing,
step of the semiconductor device according to Second
Embodiment;

FIG. 30 1s a sectional view 1llustrating a manufacturing,
step of the semiconductor device according to Second
Embodiment;

FIG. 31 1s a sectional view 1llustrating a manufacturing,
step of the semiconductor device according to Second
Embodiment:

FIG. 32 1s a sectional view 1llustrating a manufacturing
step of the semiconductor device according to Second
Embodiment;

FIG. 33 1s a sectional view 1llustrating a manufacturing
step of the semiconductor device according to Second
Embodiment;

FIG. 34 1s a sectional view 1llustrating a configuration of
a semiconductor device according to First Application
Example of Third Embodiment;

FIG. 35 1s a sectional view 1llustrating a configuration of
a semiconductor device according to Second Application
Example of Third Embodiment;

FIG. 36 1s a sectional view 1llustrating a configuration of
a semiconductor device ol a comparative example;

FIG. 37 1s a graph showing the relationship between the
f1lm thickness of a mesa portion and 2DEG sheet resistance;
and

FIG. 38 1s a sectional view 1llustrating a configuration of
another semiconductor device.

DETAILED DESCRIPTION

If needed for convenience, the following embodiments
will be described by dividing each of them into multiple
sections or embodiments; however, the multiple sections or
embodiments are not irrelevant to each other, but they are 1n
a relationship 1n which one 1s a variation, application
example, detailed description, or supplementary description
of part or the whole of the others, unless expressly stated
otherwise. When the numbers of elements, etc. (including
numbers of pieces, numerical values, amounts, ranges, etc.)
are referred to in the following embodiments, the numbers
are not limited to the specific ones but may be more or less
than the specific numbers, unless expressly stated otherwise
or except when the numbers are obviously limited to the
specific numbers 1n principle.

Further, in the following embodiments, the constituents
(also including eclement steps, etc.) are not necessarily
essential, unless expressly stated otherwise or clearly essen-
tial 1n principle. Similarly, 1n the following embodiments,
when the shapes and positional relations, etc., of the con-
stituent elements, etc., are referred to, those substantially the
same as or similar to the shapes, etc., should be included,
unless expressly stated otherwise or except when considered
to be clearly otherwise 1n principle. The same is true with the
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aforementioned numbers, etc., (including the numbers of
pieces, numerical values, amounts, and ranges, etc.).

Hereinafter, preferred embodiments will be described in
detail based on the accompanying views. In the whole views
for explaining the embodiments, members having the same
function as each other will be denoted with the same or
relevant reference numerals and duplicative description will
be omitted. When a plurality of similar members (parts) are
present, an individual or specific part may be represented by
adding a sign to the collective reference numeral. In the
following embodiments, description of the same or similar
parts will not be repeated in principle, unless particularly
necessary.

In the views used 1n the embodiments, hatching may be
omitted even 1n sectional views 1n order to make them easier
to see. Alternatively, hatching may be added even in plan
views 1n order to make them easier to see.

In a sectional view or a plan view, the size of each part
does not correspond to that of an actual device, and a specific
part may be displayed to be relatively large in order to make
the view easier to understand. The same 1s true with the case
where a sectional view and a plan view correspond to each
other.

First Embodiment

Hereinafter, a semiconductor device according to the
present embodiment will be described 1n detail with refer-
ence to the views.

FIG. 1 1s a sectional view 1llustrating a schematic con-
figuration of a semiconductor device according to the pres-
ent embodiment.

The semiconductor device illustrated in FIG. 1 1s a
MOS-type field effect transistor (MOSFET; Metal-Oxide-
Semiconductor Field Effect Transistor, also referred to as
MISFET) using a nitride semiconductor. It 1s also referred to
as a high electron mobility transistor (HEMT).

In the semiconductor device according to the present
embodiment, a first mitride semiconductor layer S1, a second
nitride semiconductor layer S2, a third nitride semiconduc-
tor layer S3, and a fourth nitride semiconductor layer S4 are
sequentially formed over a substrate SUB, as illustrated 1n
FIG. 1.

The electron aflinity (EA) of the second nitride semicon-
ductor layer S2 1s equal to or larger than that of the first
nitride semiconductor layer S1 (EAS1<EAS2).

The electron aflinity of the third nitride semiconductor
layer S3 1s smaller than that of the first nitride semiconductor
layer S1 (EAS1>EAS3).

The electron afhinity of the fourth nitride semiconductor
layer S4 1s larger than that of the first nitride semiconductor
layer S1 (EAS4>EAS1).

The first mitride semiconductor layer S1 1s also referred to
as a buller layer and includes, for example, AlGaN. The
second nitride semiconductor layer S2 i1s also referred to as
a channel layer and includes, for example, GaN. The third
nitride semiconductor layer S3 is referred to as a barrier
layer (electron supply laver) and includes, for example,
AlGaN. However, the Al composition thereof 1s higher than
that of the first nitride semiconductor layer S1.

Herein, the {fourth mnitride semiconductor layer S4
includes, for example, 1-GaN. That 1s, the fourth nitride
semiconductor layer S4 1s not intentionally doped with
n-type impurities or p-type impurities. In addition, the fourth
nitride semiconductor layer S4 1s a layer having a substan-
tially uniform thickness. In addition, a portion of the fourth
nitride semiconductor layer S4, located 1n a first region 1A,
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1s referred to as a first portion S4a, and each of portions
located 1n second regions 2A on both sides of the first region
1s referred to as a second portion S4b.

A gate electrode GE 1s formed over the first region 1A of
the fourth nitride semiconductor layer S4 via a gate 1nsu-
lating film GI. A source electrode SE 1s formed 1n the second
region 2A located over the fourth mitride semiconductor
layer S4 and on one side of the first region 1A; and a drain
clectrode DE i1s formed in the second region 2A located over
the fourth nitride semiconductor layer S4 and on the other
side of the first region 1A. In other words, the gate electrode
GE 1s formed over the first portion S4a of the fourth nitride
semiconductor layer S4 via the gate msulating film GI. The
source electrode SE 1s formed 1n the second portion S45 on

one side of the first portion S4a of the fourth nitride

[ 1

semiconductor layer S4, and the drain electrode DE 1s
formed 1n the second portion S45 on the other side thereof.

The second portion S4b of the fourth nitride semiconduc-
tor layer S4 1s a film having a history of contact with a
s1licon nitride film. This second portion S45 may be referred
to as a “silicon nitride contact portion.” On the other hand,
the first portion S4a of the fourth nitride semiconductor
layer S4 1s a film having no history of contact with a silicon
nitride film. This first portion S4a may be referred to as a
“s1licon nitride non-contact portion.”

Herein, 2DEG (two-dimensional electron gas) 1s gener-
ated near the interface between the second nitride semicon-
ductor layer (channel layer) S2 and the third nitride semi-
conductor layer (barrier layer) S3 and on the side of the
second nitride semiconductor layer S2. The fourth nitride
semiconductor layer S4 has the function of suppressing the
2DEG. The function of suppressing 2DEG can also be
referred to as the function of lowering the concentration of
2DEG (two-dimensional electron gas). Therefore, the fourth
nitride semiconductor layer S4 1s also referred to as a 2DEG
suppression layer (2DEG elimination layer). In the present
embodiment, however, the function of suppressing 2DEG 1s
lowered 1n the second portion S45 of the fourth nitride
semiconductor layer S4 due to the contact with the above
silicon nitride film. Therefore, 2DEG 1s generated in the
second portion S45 of the fourth mitride semiconductor layer
S4.

Therefore, when a predetermined voltage (threshold volt-
age) 1s applied to the gate electrode GE, a channel 1s formed
below the gate electrode GE and the portion between the
2DEG 1s conducted by this channel, whereby the transistor
1s turned on. That 1s, a normally-ofl operation can be
achieved.

In the present embodiment, the function of suppressing
2DEG 1s lowered 1n the second portion S45 of the fourth
nitride semiconductor layer S4 due to the contact with the
above silicon nitride film so that 2DEG 1s generated,
whereby a normally-off configuration 1s achieved as
described above, and hence the later-described advantages
can be obtained, as compared with a so-called mesa MOS
structure (see FI1G. 4) 1n which the second region 2A of the
fourth nitride semiconductor layer S4 1s removed to generate
2DEG.

Belore the advantages are described, the lowering in the
function of suppressing 2DEG of the fourth nitride semi-
conductor layer S4 due to contact with a silicon nitride film
will be first described based on the following First and

Second Examples.

First Example

FIGS. 2A to 2D are views each illustrating a processing,
step of a test device 1n the present example; FIG. 3 1s a view
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illustrating a step of measuring the CV characteristics of the
test device; and FIG. 4 1s a view 1illustrating a step of
measuring the CV characteristics of a comparative example
device. FIG. 3 1s a graph showing measurement results of the
CV characteristics of the test device and the comparative
example device.

As 1llustrated 1in FIG. 2A, the first nitride semiconductor
layer S1, the second nitride semiconductor layer S2, and the
third nitride semiconductor layer S3 are sequentially formed
over a substrate (not 1llustrated). After the formation of the
third nitride semiconductor layer S3, 2DEG (two-dimen-
sional electron gas) 1s generated near the interface between
the second nitride semiconductor layer S2 and the third
nitride semiconductor layer S3 and on the side of the second
nitride semiconductor layer S2 due to piezoelectric polar-
ization (caused by a lattice constant diflerence) and spon-
taneous polarization.

Next, when the fourth nitride semiconductor layer S4 1s
formed over the third nitride semiconductor layer S3, the
2DEG 1s eliminated as 1llustrated 1n FIG. 2B. Next, a silicon
nitride film SN 1s formed over the fourth nitride semicon-
ductor layer S4, as illustrated 1n FIG. 2C. Next, the silicon
nitride film SN 1s removed as illustrated 1n FIG. 2D. Next,
an Au film to serve as a first electrode EL1 1s formed over
the fourth nitride semiconductor layer S4 and then the film
1s patterned, whereby the first electrode EL1 1s formed (see
FIG. 3). A second electrode EL2 1s formed by forming an In
film over the fourth nitride semiconductor layer S4 and over
the side surface of the sample piece. The test device was
manufactured in this way.

On the other hand, the comparative example device was
manufactured as follows (see FIG. 4). First, the first nitride
semiconductor layer S1, the second nitride semiconductor
layer S2, the third nitride semiconductor layer S3, and the
fourth nitride semiconductor layer S4 are sequentially
formed over a substrate. Next, an Au film to serve as the first
clectrode ELL1 1s formed over the fourth nitride semicon-
ductor layer S4, and then the film 1s patterned, whereby a
laminate of a mesa portion M including the fourth nitride
semiconductor layer S4 and the first electrode EL1 1s
formed. The second electrode EL2 1s formed by forming an
In film over the third nitride semiconductor layer S3 and
over the side surface of the sample piece. In the case of this
comparative example device, the fourth mitride semiconduc-
tor layers S4 on both sides of the first electrode EL1 are
removed, and hence 2DEG 1s generated, whereby a so-called
mesa Schottky diode 1s obtained (see FIG. 4).

The CV characteristics between the first and second
clectrodes (EL1, EL2) were measured for each of the test
device and the comparative example device. The results are
shown 1 FIG. 5. In FIG. 5, the horizontal axis represents
voltage (V) and the vertical axis represents capacitance (C).

The graph D1 1n FIG. 5 shows the CV characteristics of
the comparative example device. The graph D2 shows the
CV characteristics of the test device. In the graph D1
(comparative example device), no capacitance 1s detected at
a voltage of 0V, that 1s, at a thermal equilibrium state (0 V),
and hence 1t can be seen that 2DEG does not exist. Then,
2DEG 1s generated by applying a positive voltage, so that a
capacitance 1s detected.

On the other hand, in the graph D2 (test device), a
capacitance 1s detected at a voltage of 0 V, that 1s, at a
thermal equilibrium state (0 V), and hence it can be seen that
2DEG exists. Then, the 2DEG 1s eliminated when a negative
voltage 1s applied, so that no capacitance 1s detected.

Thus, 1t has been found from the results of the present
example that when the silicon nitride film SN 1s formed over
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the fourth nitride semiconductor layer S4, the function of
suppressing 2DEG of the fourth nitride semiconductor layer
S4 15 lowered and 2DEG 1s generated. And, 1t has been found
that the lowering in the function of suppressing 2DEG 1s
maintained even after the silicon nitride film SN 1s removed.

Therefore, 1n the semiconductor device (FIG. 1) accord-
ing to the present embodiment 1n which the fourth nitride
semiconductor layers S4 on both sides of the gate electrode
GE are not removed, the function of suppressing 2DEG can
be lowered (the concentration of 2DEG can be lowered) by
performing, 1n the fourth nitride semiconductor layers S4 on
both sides of the gate electrode GE, contact processing with
a silicon nitride film, so that the 2DEG that has been
climinated after the formation of the fourth nitride semicon-
ductor layer S4 can be restored. Therefore, a transistor,
having a “planar structure” in which a mesa portion 1s not
formed, can be achieved.

Second Example

Various devices were manufactured in the same way as
the test device described with reference to FIGS. 2 and 3, so
that the presence/absence of the restoration of 2DEG was
studied. FIG. 6 shows the results.

The uppermost row shown 1n FIG. 6 shows device Nos.
A device 0 corresponds to the test device of the above First
Example. As described above, the film used for the contact
processing 1s a silicon nitride film (SiN). Specifically, a
silicon nitride film having a thickness of 90 nm, which was
formed by a plasma CVD (Chemical Vapor Deposition)
process 1n which the temperature was 400° C., was used. In
this case, the restoration of 2DFEG was confirmed as
described above. Herein, the thickness of an AlGaN (Al
composition ratio 5%) layer of the device 0, the first nitride
semiconductor layer S1, 1s 1 um; that of a GaN layer, the
second nitride semiconductor layer S2, 1s 40 nm; that of an
AlGaN (Al composition ratio 22%) layer, the third nitride
semiconductor layer S3, 1s 14 nm; and that of an 1-GaN
layer, the fourth nitride semiconductor layer S4, 1s 25 nm.

Each of the devices (devices 1 to 6) was manufactured by
changing the film used for the contact processing of the test
device (device 0) as shown 1 FIG. 6, so that the presence/
absence of the restoration of 2DEG was confirmed.

In the device 1, a silicon oxide film (S10,) having a
thickness of 90 nm, which was formed by an atmospheric
pressure CVD process in which the temperature was 400°
C., was used for the contact processing. In this case, the
restoration of 2DEG was not confirmed.

In the device 2, a silicon nitride film (SiN) having a
thickness of 90 nm, which was formed by a sputtering

process, was used for the contact processing. In this case, the
restoration of 2DEG was confirmed.

In the device 3, a silicon oxide (S10,) having a thickness
of 90 nm, which was formed by a sputtering process, was
used for the contact processing. In this case, the restoration
of 2DEG was not confirmed.

In the device 4, a silicon nitride film (SiN) having a
thickness of 45 nm or 90 nm, which was formed by an
LPCVD (Low Pressure Chemical Vapor Deposition) process
in which the temperature was 800° C., was used for the
contact processing. In this case, the restoration of 2DEG was
confirmed when the thickness was 90 nm, but was not when
the thickness was 45 nm.

In the device 5, a silicon oxide film (S10,) having a

thickness of 90 nm, which was formed by an LPCVD
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process 1n which the temperature was 800° C., was used for
the contact processing. In this case, the restoration of 2DEG
was not confirmed.

In the device 6, an aluminum oxide film (Al,O;) having
a thickness of 100 nm, which was formed by an ALD
(Atomic Layer Deposition) process 1n which the temperature
was 300° C., was used for the contact processing. In this
case, the restoration of 2DEG was not confirmed.

As described above, 1t has been found that the lowering 1n
the function of suppressing 2DEG of the fourth nitride
semiconductor layer S4, due to contact processing with a
film, 1s peculiar to a silicon mitride film. It has also been
found that the function of suppressing 2DEG of the fourth
nitride semiconductor layer S4 can be lowered 1n the case of
a silicon nitride film, regardless of a film formation process
or condition. It has also been found that the thickness of a
silicon nitride film 1s less effective in 45 nm, 1s preferable to
be more than 45 nm, and 1s more preferable to be equal to
or more than 90 nm.

(Suitable Silicon Nitride Film)

The characteristics of a silicon nitride film formed by the
above plasma CVD, in the film the restoration of 2DEG
being confirmed by the contact processing with the film,
were confirmed by using FTIR (Fourier Transform Infrared
Spectroscopy). The silicon nitride film contains Si—H
bonds and N—H bonds. It has been found that the ratio of
the Si—H bonds to the N—H bonds in the silicon nitride
film 1s 0.3 or more and 0.45 or less. Therefore, 1t 1s
preferable 1n the contact processing with the film to use,
among silicon nitride films, a silicon nitride film having a
ratio of S1—H bonds to N—H bonds o1 0.3 or more and 0.45
or less. In addition, there 1s the tendency that the hydrogen
concentration in the nitride semiconductor layers (S1 to S4)
alter the formation of the silicon nitride film (including also
alter the removal thereot) 1s higher, that 1s, three to six times
higher than that 1n the nitride semiconductor layers (S1 to
S4) before the formation of the silicon nitride film.

Next, the advantages of the semiconductor device accord-
ing to the present embodiment (FIG. 1) will be described 1n
detaill with reference to FIGS. 36 and 37. FIG. 36 1s a
sectional view 1llustrating a configuration of a semiconduc-
tor device of a comparative example. The same reference
numerals are given to the same parts as those in First
Embodiment (FIG. 1), and the description thereof will be
omitted.

The semiconductor device of the comparative example
illustrated 1n FIG. 36 has the first nitride semiconductor
layer S1, the second nitride semiconductor layer S2, and the
third nitride semiconductor layer S3 that are sequentially
laminated over a substrate. A mesa portion (GaN cap) M
including the fourth nitride semiconductor layer S4 1is
tormed over part of the third nitride semiconductor layer S3.
The gate electrode GE 1s formed over the mesa portion M
via the gate insulating film GI.

The source electrode SE and the drain electrode DE are
formed over the third nitride semiconductor layer S3 on both
sides of the gate electrode GE, respectively.

In the semiconductor device of this comparative example,
the generation of 2DEG 1s suppressed by the function of
suppressing 2DEG of the fourth nitride semiconductor layer
(2DEG elimination layer) S4 below the gate electrode GE.
In the regions on both sides of the gate electrode GFE,
however, 2DEG 1s maintained because the fourth nitride
semiconductor layer (2DEG elimination layer) S4 is not
formed (1s removed).

FIG. 37 1s a graph showing the relationship between the
film thickness of the mesa portion and the 2DEG sheet

10

15

20

25

30

35

40

45

50

55

60

65

10

resistance of the region from which the fourth nitride
semiconductor layer S4 1s removed in the semiconductor
device of the comparative example. The horizontal axis
represents the thickness (nm) of the mesa portion (GaNN cap),
and the vertical axis represents 2DEG sheet resistance
(€2/seq.).

In the semiconductor device of this comparative example,
when the thickness of the mesa portion (GaN cap) was
increased, the 2DEG sheet resistance of the region from
which the fourth nitrnde semiconductor layer S4 was
removed was increased, as shown 1in FIG. 37. The thickness
ol the mesa portion (GaN cap) M 1s only changed in these
walers, and hence the 2DEG sheet resistance of the region
from which the fourth nitride semiconductor layer S4 has
been removed should not be changed. In contrast, an
increase 1n the 2DEG sheet resistance was actually observed,
as shown i FIG. 37. It 1s considered that when the mesa
portion M 1s formed by etching the thick fourth nitride
semiconductor layer S4, the 2DEG sheet resistance 1s
increased due to an etching damage.

In addition, 1n a state where an electric field by the gate
clectrode GE 1s applied to the mesa portion (2DEG suppres-
sion layer) M, a current path, passing through an undesired
channel that 1s generated between the gate msulating film GI
and the mesa portion M and travels along the side wall of the
mesa portion (the end portion of the mesa portion), 1s
generated.

In the semiconductor device of the comparative example,
an increase 1n the 2DEG sheet resistance and an increase 1n
on-resistance, which are caused by an etching damage
occurring when the mesa portion M 1s formed, as described
above, become problematic.

In the semiconductor device according to the present
embodiment, however, a transistor having a “planar struc-
ture” 1n which no mesa portion 1s formed 1s obtained, and
hence problems, such as an increase in on-resistance due to
an increase 1n the 2DEG sheet resistance and a current path
passing thorough an undesired channel, can be solved and
the characteristics of the transistor can be improved.

Next, the semiconductor device according to the present
embodiment will be described 1n more detail with reference
to FIGS. 7 to 21.

[Structure Description]

FIG. 7 1s a sectional view 1llustrating a configuration of
the semiconductor device according to the present embodi-
ment. FIG. 8 1s a plan view illustrating a configuration of the
semiconductor device according to the embodiment. The
sectional view of FIG. 7 corresponds, for example, to the
A-A portion 1n FIG. 8.

In the semiconductor device 1llustrated in FIG. 7, the first
nitride semiconductor layer S1, the second nitride semicon-
ductor layer S2, the third nitride semiconductor layer S3,
and the fourth nitride semiconductor layer S4 are sequen-
tially formed over the substrate SUB. The fourth nitride
semiconductor layer S4 has both the first portion S4a located
in the first region 1A and the second portions S45b located 1n
the second regions 2A on both sides of the first region. Each
of the second portions S45 of the fourth nitride semicon-
ductor layer S4 1s a film having a history of contact with a
s1licon mitride film (silicon nitride contact portion), while the
first portion S4q 1s a film having no history of contact with
a silicon nitride film (silicon nitride non-contact portion).

The gate electrode GE 1s formed over the first portion S4a
of the fourth nitride semiconductor layer S4 via the gate
insulating film GI. The source electrode SE 1s formed 1n the
second portion S45 on one side of the first portion S4a of the
fourth nitride semiconductor layer S4, and the drain elec-
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trode DE 1s formed 1n the second portion S45 on the other
side thereof. Herein, the source electrode SE i1s arranged 1n
and above the contact hole C1 formed in an interlayer
insulating film IL.1 on one side of the gate electrode GE,
while the drain electrode DE 1s arranged in and above the
contact hole C1 formed 1n an interlayer insulating film IL.1
on the other side of the gate electrode GE. An insulating film
IL.2 1s formed over the source electrode SE and the drain
electrode DE. Herein, the first to fourth nitride semiconduc-

tor layers (S1 to S4) may be sequentially formed over the
substrate SUB after a nucleation layer and a high-resistance
bufler layer are formed.

For example, a semiconductor substrate including silicon
(S1) whose (111) plane 1s exposed can be used as the
substrate SUB. Besides the above silicon, a substrate includ-
ing S1C, sapphire, or the like may be used as the substrate
SUB. Alternatively, a substrate including GaN may be used,
and 1n this case the nucleation layer may be omitted.

The nucleation layer includes a nitride semiconductor
layer. For example, an aluminum nitride (AIN) layer can be
used as the nucleation layer. The high-resistance builer layer
includes one or more mitride semiconductor layers to which
impurities, which form a deep level with respect to a nitride
semiconductor, have been added. For example, a superlattice
structure, 1n which a laminated film (AIN/GaN film) of a
gallium nitride (GalN) layer and an aluminum nitride (AIN)
layer 1s repeatedly laminated as a superlattice structure (also
referred to as a superlattice layer) including a plurality of
nitride semiconductor layers, can be used as the high-
resistance butler layer.

Herein, all of the nitrnde semiconductor layers (group
I1I-V compound semiconductor layers) over the substrate
SUB are generally formed by group III element plane
growth.

As described above, the first mtride semiconductor layer
S1, the second mitride semiconductor layer S2, the third
nitride semiconductor layer S3, and the fourth nitride semi-
conductor layer S4 are sequentially formed over the sub-
strate SUB.

The electron aflinity (EA) of the second nitride semicon-
ductor layer S2 1s equal to or larger than that of the first
nitride semiconductor layer S1 (EAS1<EAS2).

The electron aflinity of the third nitride semiconductor
layer S3 1s smaller than that of the first nitride semiconductor
layer S1 (EAS1>EAS3).

The electron aflinity of the fourth nitride semiconductor
layer S4 1s larger than that of the first nitride semiconductor
layer S1 (EAS4>EAS1).

The first mitride semiconductor layer S1 1s also referred to
as a bufler layer and includes, for example, AlGaN. The
second nitride semiconductor layer S2 1s also referred to as
a channel layer and includes, for example, GaN. The third
nitride semiconductor layer S3 is referred to as a barrier
layer (electron supply laver) and includes, for example,
AlGaN. However, the Al composition of the third nmitride
semiconductor layer S3 1s higher than that of the first nitride
semiconductor layer S1. The Al composition of the first
nitride semiconductor layer S1 1s, for example, 0 to 10%,
and more preferably 3 to 8%. The Al composition of the
third nitride semiconductor layer S3 1s, for example, 15 to
30%, and more preferably 18 to 22%. In addition, the fourth
nitride semiconductor layer (cap layer) S4 1s a non-doped
layer and includes, for example, 1-GaN, but AlGaN, having
an Al composition lower than that of the first nitride semi-
conductor layer S1, may be used. Alternatively, InGaN may
be used as the fourth nitride semiconductor layer S4.
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The gate electrode GE 1s formed over the first portion S4a
of the fourth nitride semiconductor layer S4 via the gate
insulating film GI. The planar shape of the first portion Sda
1s a rectangular shape having long sides 1n the Y direction
(see FIG. 8). The second portions S4b are provided on both
sides of (provided around) the first portion S4a (see FI1G. 7).

The planar shape of the laminate of the gate insulating
film GI and the gate electrode GE 1s a rectangular shape
having long sides 1n the Y direction (see FI1G. 8). The width
Lg (the length 1n the X direction, the direction in which a
current flows from the drain electrode to the source elec-
trode, 1.¢., the length 1n the gate length direction) of the gate
clectrode GE 1s almost the same as the width (the length 1n
the X direction) of the first portion S4a.

The mterlayer insulating film IL1 1s formed over the gate
clectrode GE. This interlayer insulating film IL1 1s a lami-
nated film of a lower layer film IL1a and an upper layer film
IL.15. The source electrode SE or the drain electrode DE 1is
formed over the second portion S4b of the fourth nitride
semiconductor layer S4. The contact hole (coupling hole) C1
1s formed, for example, 1n the interlayer insulating film IL1,
and each of the source electrode SE and the drain electrode
DE 1s arranged in and above the contact hole C1. The
insulating film IL2 1s formed over the source electrode SE
and the drain electrode DE. This insulating film IL2 1s a
laminated film of a lower layer film II.2a and an upper layer
film IL2b.

The planar shape of the drain electrode DE 1s a rectan-
gular shape having long sides in the Y direction, as 1llus-
trated 1n FIG. 8. The planar shape of the source electrode SE
1s a rectangular shape having long sides in the Y direction.
The contact hole C1 to serve as a coupling portion (coupling
region) between the drain electrode DE and the fourth
nitride semiconductor layer (second portion S4b5) S4 1s
arranged under the drain electrode DE. The planar shape of
the contact hole C1 1s a rectangular shape having long sides
in the Y direction. The contact hole C1 to serve as a coupling
portion (coupling region) between the source electrode SE
and the fourth nitride semiconductor layer (second portion
S4b) S4 1s arranged under the source electrode SE. The
planar shape of the contact hole C1 1s a rectangular shape
having long sides in the Y direction.

The gate electrode GE 1s arranged between the drain
clectrode DE and the source electrode SE. As described
above, the gate electrode GE has a rectangular shape having
long sides 1n the Y direction.

As 1llustrated 1n FIG. 8, a plurality of the drain electrodes
DE, a plurality of the gate electrodes GE, and a plurality of
the source electrodes SE are repeatedly arranged.

That 1s, the planar shape of the drain electrode DE 1s a
rectangular shape having long sides in the Y direction. The
line-shaped drain electrodes DE are arranged at certain
intervals in the X direction. The planar shape of the source
clectrode SE 1s a rectangular shape having long sides in the
Y direction. The line-shaped source electrodes SE are
arranged at certain intervals 1n the X direction. Each of the
source electrodes SE and each of the drain electrodes DE are
arranged alternately along the X direction. The gate elec-
trode GE 1s arranged between the contact hole C1 under the
drain electrode DE and the contact hole C1 under the source
clectrode SE.

The drain electrodes DE are coupled by a drain pad (also
referred to as a terminal part) DP. The drain pad DP 1s
arranged to extend 1n the X direction at one end side of the
drain electrode DE (e.g., at the upper side 1n FIG. 8). In other

words, the drain electrodes DE are arranged to protrude in
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the Y direction from the drain pad DP extending in the X
direction. Such a shape may be referred to as a comb shape.

The source electrodes SE are coupled by a source pad
(also reterred to as a terminal part) SP. The source pad SP 1s

arranged to extend in the X direction at the other end side of °

the source electrode SE (e.g., at the lower side i FIG. 8). In
other words, the source electrodes SE are arranged to
protrude 1n the Y direction from the source pad SP extending
in the X direction. Such a shape may be referred to as a comb
shape.

The gate electrodes GE are coupled by a gate line GL. The
gate line GL 1s arranged to extend in the X direction at one
end side of the gate electrode GE (e.g., at the lower side 1n
FIG. 8). In other words, the gate electrodes GE are arranged
to protrude 1n the Y direction from the gate line GL
extending 1n the X direction. The gate line GL 1s coupled to
gate pads GP provided, for example, on both sides, in the X

direction, of the gate line GL (e.g., on the nght and left sides
in FIG. 8).
Herein, the first portion S4a of the fourth nitride semi-

conductor layer S4 1s arranged under the gate electrode GE
and the gate line GL via the gate insulating film GI.

The source electrode SE, the drain electrode DE, and the
gate electrode GE are arranged mainly over an active region
AC surrounded by an element 1solation region ISO. The
planar shape of the active region AC 1s a substantially
rectangular shape having long sides in the X direction. On
the other hand, the drain pad DP, the gate line GL, and the
source pad SP are arranged over the element 1solation region
ISO. The gate line GL 1s arranged between the active region
AC and the source pad SP. The element 1solation region ISO
1s a region 1 which 1on species, such as boron (B) or
nitrogen (N), have been implanted by 1on implantation or the
like and the crystallinity i1s destroyed in the nitride semi-
conductor layer.
| Description of Manufacturing Method]

Next, a manufacturing method of a semiconductor device
according to the present embodiment will be described and
a configuration of the semiconductor device will be made
clearer with reference to FIGS. 9 to 20. FIGS. 9 to 20 are
sectional views each illustrating a manufacturing step of the
semiconductor device according to the embodiment.

The substrate SUB i1s provided and the first to third nitride
semiconductor layers (S1 to S3) are sequentially formed, as
illustrated 1n FIG. 9. A semiconductor substrate including,
for example, silicon (S1) whose (111) plane 1s exposed 1s
used as the substrate SUB. Besides the above silicon, a
substrate including S1C, sapphire, or the like may be used as
the substrate SUB. Alternatively, a substrate including GaN
may be used. Herein, all of the nitride semiconductor layers
(group III-V compound semiconductor layer) to be formed
subsequently over the substrate SUB are generally formed
by group III element plane growth (1.e., 1n this case, galllum
plane growth or aluminum plane growth). Alternatively, the
first to third nitride semiconductor layers (S1 to S3) may be
sequentially formed after a nucleation layer and a high-
resistance bufler layer are formed over the substrate SUB.
As the nucleation layer, for example, an aluminum nitride
(AIN) layer can be used, which can be formed by epitaxial
growth using, for example, a metal organic chemical vapor
deposition (MOCVD) process. As the high-resistance buller
layer, a superlattice structure, in which a laminated film
(AIN/GaN film) of a gallium nitride (GaN) layer and an
aluminum nitride (AIN) layer 1s repeatedly laminated, can be
used, and this superlattice structure can be formed, for
example, by epitaxially growing the galllum nitride (GalN)
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layer and the aluminum nitride (AIN) layer alternately with
the use of a MOCVD process.

Next, an AlGaN layer (Al Composition ratio 5%) having
a thickness of approximately 1 um 1s epitaxially grown, as
the first nitride semiconductor layer (bufler layer) S1, over
the substrate SUB by using a MOCVD process or the like.
When the chemical formula of the AlGaN 1s represented, for
example, by Al.Ga, NN, the constituent element ratio of the
AlGaN layer can be adjusted within a range of 0=X<0.1).
When the Al composition ratio 1s 5%, X=0.03. This AlGaN
layer 1s, for example, a non-doped layer. That is, the AlGaN
layer 1s not intentionally doped with n-type impurities or
p-type impurities.

Next, a GaN layer having a thickness of approximately 40
nm 1s epitaxially grown, as the second nitride semiconductor
layer (channel layer) S2, over the first nitride semiconductor
layer S1 by using a MOCVD process or the like.

Next, an AlGaN layer (Al composition ratio 22%) having
a thickness of approximately 14 nm 1s epitaxially grown, as
the third nitride semiconductor layer (barrier layer) S3, over
the second nitride semiconductor layer S2 by using a
MOCVD process or the like. When the chemical formula of
the AlGaN 1s represented, for example, by Al _Ga,_ N, the
constituent element ratio of the AlGaNlN layer can be adjusted
within a range of X<7<0.3).

Herein, 2DEG (two-dimensional electron gas) 1s gener-
ated near the iterface between the second nmitride semicon-
ductor layer (channel layer) S2 and the third nitride semi-
conductor layer (barrier layer) S3 and on the side of the
second nitride semiconductor layer S2, as described above.

Next, a GaN layer having a thickness of approximately 25
nm 1s epitaxially grown, as the fourth mitride semiconductor
layer S4, over the third nitride semiconductor layer S3 by
using a MOCVD process or the like, as i1llustrated 1n FIG.
10. The 2DEG 1s eliminated when the fourth nitride semi-
conductor layer S4 1s formed. In order to exhibit the function
of suppressing 2DEG by the fourth mitride semiconductor
layer S4, the thickness of the layer S4 1s preferably at least
15 nm. The thickness of the fourth nitride semiconductor
layer S4 can be adjusted, for example, within the range of 15
nm to 150 nm.

Each of the first to fourth nitride semiconductor layers S1
to S4 1s grown while, for example, carrier gas and material
gas are being introduced 1nto an apparatus. Gases containing
the constituent elements of each of the nitride semiconductor
layers (herein, the AlGaNN layer and the GaN layer) are used
as the material gas. For example, when the AlGaN layer 1s
formed, trimethylaluminum (TMAIL), trimethylgallium
(TMG), and ammonia are used as the material gases of Al,
Ga, and N, respectively. For example, when the GalN layer
1s formed, trimethylgalllum (ITMG) and ammonia are used
as the material gases of Ga and N, respectively. According
to an epitaxial growth process, the component element ratio
of each layer can be easily and accurately adjusted by
adjusting the flow rates of the material gases, as described
above. According to an epitaxial growth process, a layer
having a different element composition can also be easily
and continuously formed by switching material gases.

Next, the element 1solation region (ISO), not appearing 1n
the section 1llustrated 1n FIG. 10, 1s formed (see FIG. 8). For
example, the fourth nitride semiconductor layer S4 1s cov-
ered with a protective film such as an 1msulating film, and a
photoresist film (not 1illustrated) for opening the element
isolation region 1s formed over the protective film by a
photolithography process. Next, the element 1solation region
(ISO) 1s formed by implanting boron ions through the
protective film with the use of the photoresist film as a mask.
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By implanting 1on species such as boron (B) or nitrogen (N),
as described above, the crystallinity of the nitride semicon-
ductor layer 1s broken, so that the element 1solation region
(ISO) 1s formed.

For example, boron 1ons are implanted into part of the
laminate including the first to fourth nitride semiconductor
layers S1 to S4 at a density of approximately 1x10'* (1E14)
to 4x10™* (1E14) cm™°. The implantation energy is, for
example, approximately 100 to 200 keV. Herein, the con-
ditions for implanting boron 10ns are adjusted such that the
depth of the implantation, that 1s, the bottom of the element
isolation region (ISO) 1s located, for example, below the
bottom surface of the third nitride semiconductor layer
(barrier layer) S3. The element 1solation region (ISO) 1s
formed 1n this way. The region surrounded by the element
1solation region (ISO) will serve as the active region AC.
The active region AC has a substantially rectangular shape,
as illustrated in FIG. 8. Thereafter, the photoresist film 1s
removed by a plasma stripping process or the like, and
turther the protective film 1s removed.

Next, an insulating film to serve as the gate insulating film
GI and a conductive film to serve as the gate electrode GE
are sequentially formed over the fourth nitride semiconduc-
tor layer S4, as illustrated in FIG. 11. For example, an
aluminum oxide film (Al,O, film) having a thickness of
approximately 60 nm 1s deposited, as an insulating film for
the gate insulating film GI, over the fourth nitride semicon-
ductor layer S4 by using an ALD process or the like. Besides
an aluminum oxide film, a silicon oxide film or a high
dielectric constant film having a higher dielectric constant
than a silicon oxide film may be used as the mnsulating film
for the gate nsulating film GI. As the high dielectric
constant film, an SiN film, S1ON {film (silicon oxynitride
f1lm), ZrO, film (zirconium oxide film), or hatnium-based
insulating film, such as H1O, film (hatmum oxide film),
hatnium aluminate film, HION film (hainium oxynitride
film), HIS10 film (hatnium silicate film), HIS1ON film
(hatnium silicon oxynitride film), or a HIAIO {ilm, may be
used.

Next, for example, a TiN (titanium nitride) film having a
thickness of approximately 100 nm 1s deposited, as a con-
ductive film for the gate electrode GE, over the insulating
film for the gate msulating film GI by using, for example, a
sputtering process or the like. The constituent materials and
thickness of the conductive film can be appropnately
adjusted. Besides TiN, polycrystalline silicon doped with a
dopant, such as B or P, may be used as the conductive film
for the gate electrode GE. Alternatively, Ti, Al, N1, Pt, Au,
and S1 compounds or N compounds thereof may be used.
Alternatively, a multilayer film 1n which these material films
are laminated may be used. For example, a film in which an
Au film 1s laminated over the Ni film may be used as the
conductive film.

Next, a photoresist film PR1 1s formed in the region (the
first region 1A) where the gate electrode GE 1s to be formed.,
the region being located over the conductive film for the gate
clectrode GE, by a photolithography process. The conduc-
tive film for the gate electrode GE and the insulating film for
the gate mnsulating film GI are etched by using the photo-
resist film PR1 as a mask. The TiN film and the aluminum
oxide film are etched by dry etching using, for example,
chlorine-based gas. The aluminum oxide film may be
removed by wet etching using a phosphoric acid-based
ctchant. Herein, a patterned insulating film (e.g., a silicon
oxide film) or the like may be used as the mask. Thereafter,
the photoresist film PR1 1s removed by a plasma stripping,
process or the like. Thereby, the gate electrode GE 1s formed
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over the fourth mitride semiconductor layer S4 via the gate
insulating film GI, as illustrated 1n FIG. 12.

Next, the silicon nitride film SN having a thickness of
approximately 90 nm 1s deposited over the fourth nitride
semiconductor layer S4 including over the gate electrode GE
by using a plasma CVD process or the like, as 1llustrated in
FIG. 13. Thereby, the first portion (silicon nitride non-
contact portion) S4a, including the fourth nitride semicon-
ductor layer S4 that 1s not 1n contact with the silicon nitride
film SN, 1s formed under the gate electrode GE, and the
second portions (silicon nitride contact portions) S4bH are
formed on both sides thereof (in the second regions 2A).
That 1s, the function of suppressing 2DEG of the fourth
nitride semiconductor layer S4 1s lost by the contact with the
silicon nitride film SN, and 2DEG 1s restored 1n the contact
region between the silicon nitride film SN and the fourth
nitride semiconductor layer S4. Next, the silicon nitride film
SN 1s removed by etching, as illustrated 1n FIG. 14. Herein,
the lowering in the function of suppressing 2DEG of the
fourth nitride semiconductor layer S4 1s maintained even
alter the silicon nitride film SN 1s removed, and the gener-
ated 2DEG remains under the second portion S4b. The
thickness of the silicon nitride film SN to be used for the
above processing 1s preferably more than 45 nm, and more
preferably 90 nm or more, and hence the thickness can be
adjusted within the range of, for example, 50 nm to 150 nm.

Next, the interlayer insulating film 1.1 1s formed over the
gate electrode GE, as illustrated in FIGS. 15 and 16. For
example, a silicon nitride film having a thickness of approxi-
mately 100 nm 1s deposited as the lower layer film (IL1a) of
the interlayer insulating film IL1 by using a CVD process or
the like (FIG. 15). Next, a silicon oxide film having a
thickness of apprommately 1 um 1s deposited, as the upper
layer film (IL15b), over the silicon mitride film by using a
CVD process or the like (FIG. 16). Herein, the interlayer
insulating film IL1 may include only the silicon oxide film,
in which the silicon nitride film 1s not formed. As the silicon
oxide film, a so-called TEOS film using tetraethyl orthosili-
cate as a material may also be used.

Next, the contact hole C1 1s formed i1n the interlayer
insulating film IL1 by using a photolithography technique
and an etching technique, as illustrated 1n FIG. 17. For
example, a photoresist film PR2 respectively having open-
ings 1n a source electrode coupling region and a drain
clectrode coupling region 1s formed over the interlayer
insulating film IL.1. Next, the contact hole C1 1s formed by
ctching the interlayer mnsulating film IL1 with the use of the
photoresist film PR2 as a mask. Herein, the silicon nitride
film formed as the lower layer film (IL1a) functions as an
etching stopper in the above etching. Therefore, as the lower
layer film (IL1a), a film other than the silicon nitride film
(e.g., a silicon oxide film formed 1n a way different from that
of the upper layer film) may be used as long as an etching
selection ratio to the upper layer film (ILL15) 1s secured. That
1s, etching 1s performed under the conditions 1n which the
upper layer film IL15 1s preterentially etched, and when the
lower layer film ILL1a 1s exposed, etching 1s performed under
the conditions 1n which the lower layer film IL1a 1s prefer-
entially etched. Thereby, the contact hole C1 can be formed
accurately. By this etching, the second portion S4b6 of the
fourth nmitride semiconductor layer S4 1s exposed at the
bottom surface of the contact hole C1. Thereafter, the
photoresist film PR 2 1s removed by a plasma stripping
process or the like.

Next, each of the source electrode SE and the drain
clectrode DE 1s formed 1n the contact hole C1 and over the
interlayer msulating film 111, as 1llustrated in FIGS. 18 and
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19. For example, a conductive film 10 1s formed over the
interlayer insulating film IL1 including the inside of the
contact hole C1, as illustrated in FIG. 18. For example, an
Al/T1 film 1s formed as the conductive film 10. For example,
a T1 film having a thickness of approximately 16 nm 1s
formed over the interlayer insulating film IL1 including the
inside of the contact hole C1 by using a sputtering process
or the like, and further an Al film having a thickness of
approximately 2 um 1s formed thereover by using a sput-
tering process or the like. Next, a heat treatment i1s per-
formed. The heat treatment 1s performed, for example, at
550° C. for 30 minutes. Thereby, an ohmic contact between
the conductive film (Al/T1 film) 10 and the layer located
thereunder can be achieved.

Next, a photoresist film PR3 1s formed over the regions of
the conductive film (Al/T1 film) 1n which the source elec-
trode SE and the drain electrode DE are to be formed,
respectively, and the conductive film (Al/T1 film) 10 1s
ctched by using the photoresist film PR 3 as a mask, as
illustrated 1n FIG. 19. The conductive film (Al/T1 film) 10 1s
ctched, for example, by dry etching using gas containing Cl,
as a main component. Thereby, the source electrode SE and
the drain electrode DE can be formed. Alternatively, a heat
treatment may be performed after the conductive film (Al/T1
film) 10 1s patterned.

The constituent materials and thickness of the conductive
film that forms the source electrode SE and the drain
clectrode DE can be appropriately adjusted. As such a
conductive film, a material that can be brought into ohmic
contact with a nitride semiconductor layer 1s preferably
used.

Thereafter, the photoresist film PR3 1s removed by a
plasma stripping process or the like, and then the insulating
film (protective film) IL2 1s formed over the interlayer
insulating film IL1 including over the source electrode SE
and over the drain electrode DE. For example, a silicon
nitride film having a thickness of approximately 100 nm 1s
deposited as the lower layer film (also referred to as a
passivation film) IL.2a of the insulating film (protective film)
IL.2 by using a CVD process or the like, as illustrated in FIG.
20. Next, a polyimide film having a thickness of approxi-
mately 7 um 1s deposited, as the upper layer film 1125, over
the silicon nitride film by using a coating process or the like.

Herein, an insulating film (protective film) having the
above polyimide film or the like may be formed over the
uppermost layer wiring after multilayer wiring to be coupled
to the source electrode SE and the drain electrode DE 1s
tormed. Thereatter, the insulating film (laminated film of the
polyimide film and the silicon nitride film) 1s removed to
expose part of the lower conductive film (wiring) 1n regions
where the gate pad GP, the source pad SP, the drain pad DP,
and the like (see FIG. 8) need to be electrically coupled to
the outside, whereby pad portions (not illustrated) are
formed.

The semiconductor device according to the present
embodiment can be formed through the above steps. Herein,
the above steps are merely one example, and the semicon-

ductor device according to the embodiment may be manu-
tactured by steps other than the above steps.

Second Embodiment

In First Embodiment, the insulating film for the gate
insulating film GI and the conductive film for the gate
clectrode GE are etched at once, but these films may be
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etched 1n different steps. Then, a field plate insulating film
may be arranged below the end portion of the gate electrode
GE.

[Structure Description]

FIG. 21 1s a sectional view 1llustrating a configuration of

a semiconductor device according to the present embodi-
ment. As illustrated 1n FIG. 21, the configurations of the
semiconductor device according to the embodiment are the
same as those of the semiconductor device 1llustrated in First
Embodiment (FIG. 7) except that a field plate insulating film
FP 1s formed below the end portion of the gate electrode GE,
and hence the description thereof will be omitted.
The semiconductor device according to the present
embodiment 1ncludes the field plate insulating film FP that
1s formed over the gate insulating film GI and the second
portion S4b of the fourth nitride semiconductor layer S4 and
has an opening over the gate insulating film GI. And, the
semiconductor device includes a gate electrode GE provided
so as to cover the opening of the field plate insulating film
FP. The width (the length 1n the X direction) of the opening
1s smaller than the width (the length 1n the X direction) of the
gate electrode GE (see FIG. 28). Therefore, the field plate
insulating film FP 1s arranged below the end portion of the
gate electrode GE, whereby the breakdown voltage of the
semiconductor device can be improved. The field plate
insulating film FP includes, for example, a silicon nitride
f1lm.

Also 1n the present embodiment, the first portion (silicon
nitride non-contact portion) S4a 1s arranged under the gate
isulating film GI, and the second portions (silicon nitride
contact portions) S4b are arranged on both sides thereof.

Therefore, the semiconductor device according to the
present embodiment serves as a transistor having a “planar
structure” 1n which a mesa portion 1s not formed, and a
failure caused by a damage during processing of the mesa
portion described 1n First Embodiment can be eliminated,
whereby the characteristics of the semiconductor device can
be 1mproved.

Further, the field plate insulating film FP 1s provided
below the end portion of the gate electrode GE i the
semiconductor device according to the present embodiment,
and hence the breakdown voltage of the semiconductor
device can be improved.

[Description of Manufacturing Method]

Next, a manufacturing method of the semiconductor
device according to the present embodiment will be
described and a configuration of the semiconductor device
will be made clearer with reference to FIGS. 22 to 33. FIGS.
22 to 33 are sectional views each 1llustrating a manufactur-
ing step ol the semiconductor device according to the
embodiment. Herein, the description of the steps similar to
those 1n First Embodiment will be omuatted.

First, the substrate SUB over which the first to fourth
nitride semiconductor layers (S1 to S4) described m First
Embodiment are sequentially formed 1s provided (see FIGS.
9 and 10). Next, the element 1solation region (ISO) 1s formed
in the same way as 1n First embodiment (see FIG. 8). Herein,
the element 1solation region (ISO) does not appear n the
sections 1llustrated 1n the later-described FIG. 22 and the
like.

Next, an aluminum oxide film (Al,O, film) having a
thickness of approximately 60 nm 1s deposited, as an 1nsu-
lating film for the gate insulating film GI, over the fourth
nitride semiconductor layer S4 by using an ALD process or
the like in the same way as in First Embodiment, as
illustrated 1 FIG. 22. Next, a photoresist film PR11 1s

formed 1n the first region 1A over the insulating film for the
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gate msulating film GI by a photolithography process. In the
present embodiment, a region where the gate insulating film
Gl 1s to be formed serves as the first region 1A, and the
regions on both sides thereol serve as second regions 2A.
The insulating film for the gate insulating film GI 1s etched
by using the photoresist film PR11 as a mask. Alternatively,
a patterned msulating film (e.g., a silicon oxide film) or the
like may be used as the mask. Thereaftter, the photoresist film
PR11 1s removed by a plasma stripping process or the like.
Thereby, the gate msulating film GI 1s formed over the
tourth nitride semiconductor layer S4. The width (the length
in the X direction) of the gate insulating film GI 1s set to
“L1.”

Next, a silicon nitride film SN having a thickness of
approximately 90 nm 1s deposited over the fourth nmitride
semiconductor layer S4 including over the gate insulating
film GI by using a plasma CVD process or the like, as
illustrated in FI1G. 23. Thereby, a first portion (silicon nitride
non-contact portion) S4a including the fourth mitride semi-
conductor layer S4 that 1s not 1n contact with the silicon
nitride film SN, the portion being located under the gate
insulating film GI, 1s formed, and second portions (silicon
nitride contact portions) S45 are formed on both sides
thereof. That 1s, the function of suppressing 2DEG of the
fourth nitride semiconductor layer S4 1s lost by the contact
with the silicon nitride film SN, and hence 2DEG 1s restored
in the contact region between the silicon nitride film SN and
the fourth nitride semiconductor layer S4.

Next, the silicon nitride film SN 1s removed by etching, as
illustrated 1n FIG. 24. Herein, the lowering 1in the function of
suppressing 2DEG of the fourth nitride semiconductor layer
S4 1s maintained even after the silicon nitride film SN 1s
removed, and the generated 2DEG remains under the second
portions S4b.

Next, the field plate insulating film FP 1s formed over the
gate insulating film GI, as illustrated 1n FIGS. 25 and 26. For
example, a silicon nitride film having a thickness of approxi-
mately 90 nm 1s deposited as a film for the field plate
insulating film FP by using a CVD process or the like, as
illustrated 1n FIG. 25. Next, a photoresist film PR12 having
an opening over the gate msulating film GI 1s formed over
the silicon nitride film. The film for the field plate insulating
film FP 1s etched by using the photoresist film PR12 as a
mask. The film for the field plate insulating film FP is etched,
for example, by wet etching using a hydrofluoric acid-based
ctchant. Thereaiter, the photoresist film PR12 1s removed by
a plasma stripping process or the like. Thereby, the field
plate msulating film FP having an opening over the gate
insulating film GI can be formed as illustrated 1n FIG. 26.
When the width (the length 1 the X direction) of the
opening 1s set to “L.2”, there 1s a relationship of L2<L1.

Next, a conductive film to serve as the gate electrode GE
1s formed over the gate msulating film GI and the field plate
insulating film FP, as illustrated i FIG. 27. For example, a
TiN (titantum nitride) film having a thickness of approxi-
mately 100 nm 1s deposited, as a conductive film for the gate
clectrode GE, over the gate insulating film GI and the field
plate insulating film FP by using, for example, a sputtering
process or the like. As described 1in First Embodiment, the
constituent materials and thickness of the conductive film
can be appropriately adjusted.

Next, a photoresist film PR13 1s formed 1n a region where
the gate electrode GE 1s to be formed, the region being
located over the conductive film for the gate electrode GE,
by a photolithography process, and the conductive film for
the gate electrode GE 1s etched by using the photoresist film
PR13 as a mask, as illustrated in FIG. 28. Alternatively, a
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patterned 1nsulating film (e.g., a silicon oxide film) or the
like may be used as the mask. Thereby, the gate electrode GE
1s formed over the gate mnsulating film GI. When the width
(the length 1n the X direction) of the gate electrode GE 1s set
to “L.3”, there 1s a relationship of L1<L.3. Because the width
(L3) of the gate electrode GE 1s larger than the width (IL1)
of the gate msulating film GI, as described above, the end
portion (field plate) of the gate electrode GE 1s located over
the field plate msulating film FP. With such a configuration,
an electric field 1s dispersed to the end portion of the gate
insulating film GI and that of the gate electrode GE, so that
the electric field to be applied to the end portion of the gate
isulating film GI 1s relaxed, whereby the breakdown volt-
age of the semiconductor device can be improved. There-
after, the photoresist film PR13 1s removed by a plasma
stripping process or the like.

Next, an interlayer insulating film IL1 1s formed over the
gate electrode GE, as illustrated 1n FIG. 29. For example, a
s1licon oxide film having a thickness of approximately 2 um
1s deposited as the interlayer msulating film IL1 by using a
CVD process or the like. In the present embodiment, the
field plate insulating film FP serves as an etching stopper
when a contact hole C1 1s formed. ATEOS film may be used
as the silicon oxide film.

Next, the contact hole C1 1s formed in the interlayer
insulating film IL1 by using a photolithography technique
and an etching technique, as illustrated in FIG. 30. For
example, a photoresist film PR14, respectively having open-
ings 1n a source electrode coupling region and a drain
clectrode coupling region, 1s formed over the interlayer
insulating film IL.1 1n the same way as 1n First Embodiment,
and the contact hole C1 1s formed by etching the interlayer
insulating film IL.1 and the field plate mnsulating film FP with
the use of the photoresist film PR14 as a mask. Thereatter,
the photoresist film PR14 1s removed by a plasma stripping
process or the like.

Next, the source electrode SE and the drain electrode DE
are formed in the contact holes C1 and over the interlayer
isulating film IL1, respectively, as illustrated in FIGS. 31
and 32. For example, a conductive film 10 1s formed over the
interlayer insulating film IL1 including the inside of the
contact hole C1 1n the same way as in First Embodiment
(FIG. 31). Next, a photoresist film PR15 1s formed in the
regions where the source electrode SE and the drain elec-
trode DE are to be formed respectively, the regions being
located over the conductive film, and the conductive film 1s
ctched by using the photoresist film PR15 as a mask, as
illustrated 1n FIG. 32. Thereafter, the photoresist film PR13
1s removed by a plasma stripping process or the like, and
then an mnsulating film IL2 1s formed over the interlayer
insulating film IL1 mcluding over the source electrode SE
and over the drain electrode DE 1n the same way as 1n First
Embodiment (FIG. 33).

Alternatively, an insulating film (protective film) having
the above polyimide film or the like may be formed over the
uppermost layer wiring atter multilayer wiring to be coupled
to the source electrode SE and the drain electrode DE 1s
formed. Thereatter, the insulating film (laminated film of the
polyimide film and the silicon nitride film) 1s removed to
expose part ol the lower conductive film (wiring) 1n the
regions where the gate pad GP, the source pad SP, the drain
pad DP, and the like (see FIG. 8) need to be electrically
coupled to the outside, whereby pad portions (not 1llus-
trated) are formed.

The semiconductor device according to the present
embodiment can be formed through the above steps. Herein,
the above steps are merely one example, and the semicon-
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ductor device according to the embodiment may be manu-
tactured by steps other than the above steps.

Also 1n the present embodiment, the function of suppress-
ing 2DEG of the fourth nitride semiconductor layer S4 on
both sides of the gate electrode GE can be lowered by >
contact processing with a silicon nitride film, whereby the
2DEG, which has been eliminated after the formation of the
fourth mitride semiconductor layer S4, can be restored.
Therefore, a transistor having a “planar structure” in which
a mesa portion 1s not formed can be achieved. And, a failure
caused by a damage during processing of the mesa portion
described 1n First Embodiment can be eliminated, whereby
the characteristics of the semiconductor device can be
improved.

Further, the field plate insulating film FP 1s provided
below the end portion of the gate eclectrode GE i the
semiconductor device according to the present embodiment,
and hence the breakdown voltage of the semiconductor
device can be improved.
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15

20
Third Embodiment

Application examples of First and Second Embodiments
will be described 1n the present embodiment. Specifically, a
transistor having a MOS configuration, in which the gate 2°
clectrode GE 1s arranged over the first portion S4a of the
fourth mitride semiconductor layer S4 via the gate imnsulating
film GI, 1s obtained in First and Second embodiments, but a
junction type FET (also referred to as JEFT) configuration,
in which the gate insulating film GI is not provided, may be 3Y
adopted. In the case of the junction type FET, there 1s no gate
insulating film and the gate electrode GE directly contacts
the lower nitride semiconductor layer, that 1s, they are in
Schottky contact with each other. According to this junction
type FET, the FET is not affected by the fixed positive 32
charges and traps generated at the interface between the gate
insulating film and the nitride semiconductor layer, and
hence transistor characteristics stable at a higher threshold
can be obtained.

40
First Application Example

FI1G. 34 1s a sectional view 1llustrating a configuration of
a semiconductor device according to First Application
Example of the present embodiment. The semiconductor 45
device according to the present application example corre-
sponds to the configuration of the semiconductor device
according to First Embodiment (FIG. 7), except that the
former semiconductor device does not include the gate
insulating film GI. As described above, the semiconductor 50
device according to the application example 1s the same as
the semiconductor device described in First Embodiment
except that the gate msulating film GI 1s omitted, and hence
the description thereof will be omitted. The semiconductor
device according to the embodiment can be manufactured 55
by, for example, the steps obtained by omitting the steps of
forming the gate isulating film GI from the manufacturing
steps described 1n First Embodiment.

Second Application Example 60

FIG. 35 1s a sectional view 1illustrating a configuration of
a semiconductor device according to Second Application
Example of the present embodiment. The semiconductor
device according to the present application example corre- 65
sponds to the configuration of the semiconductor device
according to Second Embodiment, except that the former
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semiconductor device does not include the gate insulating
film GI. As described above, the semiconductor device
according to the application example 1s the same as the
semiconductor device described 1 Second Embodiment
except that the gate insulating film GI 1s omitted, and hence
the description thereof will be omitted. The semiconductor
device according to the embodiment can be manufactured
by, for example, the steps obtained by omitting the steps of
forming the gate insulating film GI from the manufacturing
steps described 1n Second Embodiment.

Specifically, the gate insulating film GI illustrated in
FIGS. 22 to 24 described 1n Second Embodiment 1s used as
a mask film (e.g., a silicon oxide film). After the fourth
nitride semiconductor layers S4 on both sides of the mask
film are brought into contact with the silicon nitride film, the
mask film 1s removed, and thereatter the field plate msulat-
ing {ilm FP, the gate electrode GE, and the like are formed
in the same way as 1n Second Embodiment.

Also 1n the semiconductor device (junction type FET)
according to the present embodiment, the first portion (sili-
con nitride non-contact portion) S4a 1s arranged under the
gate electrode GE and the second portions (silicon nitride
contact portions) S4b are arranged on both sides thereof.

Therefore, the semiconductor device according to the
present embodiment serves as a transistor having a “planar
structure” 1 which a mesa portion 1s not formed, and a
failure caused by a damage during processing of the mesa
portion described i1n First Embodiment can be eliminated,
whereby the characteristics of the semiconductor device can
be 1mproved.

The mvention made by the present inventors has been
specifically described above based on preferred embodi-
ments; however, 1t 1s needless to say that the mvention
should not be limited to the preferred embodiments and
various modifications may be made to the invention within
a range not departing from the gist of the invention.

For example, the thickness of each of the fourth nitride
semiconductor layers (second portions S4b5) S4 located
under the contact holes C1 may be made small by perform-
ing overetching when the contact holes C1 are formed, as
illustrated 1n FIG. 38. Alternatively, etching may be per-
formed until the third nitride semiconductor layer S3 1is
exposed. FIG. 38 1s a sectional view 1llustrating a configu-
ration of another semiconductor device.

There are no restrictions on where the semiconductor
devices described 1n the above embodiments are applied, but
can be applied to, for example, PFC circuits, DC-DC con-
verters, inverters, and the like.

What 1s claimed 1s:

1. A manufacturing method of a semiconductor device,
comprising;

(a) forming a second nitride semiconductor layer over a

first nitride semiconductor layer;

(b) forming a third nitride semiconductor layer over the

second nitride semiconductor layer;

(c) forming a fourth nitride semiconductor layer over the

third nitride semiconductor layer;

(d) forming a first film over a first region of the fourth

nitride semiconductor layer; and

(¢) forming a silicon nitride film over the fourth nitride

semiconductor layer and the first film,

wherein after the (b), two-dimensional electron gas 1is

generated near an interface between the second nitride
semiconductor layer and the third nitride semiconduc-
tor layer,

wherein after the (c), the two-dimensional electron gas 1s

eliminated, and
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wherein after the (e), the two-dimensional electron gas 1s
restored 1n second regions on both sides of the first

region, the method further comprising;

after the (e),
(1) removing the silicon nitride film.
2. The manufacturing method of a semiconductor device
according to claim 1,
wherein the first film comprises a laminate of a gate
msulating film and a gate electrode.
3. The manufacturing method of a semiconductor device
according to claim 1,
wherein the first film comprises a gate electrode.
4. The manufacturing method of a semiconductor device
according to claim 1,
wherein the silicon nitride film contains S1—H bonds and
N—H bonds and a ratio of the S1—H bonds to the
N—H bonds 1s 0.3 or more and 0.45 or less.
5. The manufacturing method of a semiconductor device
according to claim 1, further comprising;
after the (1),
forming a source electrode and a drain electrode 1n second
regions located on both sides of the first region of the
fourth nitride semiconductor layer, respectively.
6. The manufacturing method of a semiconductor device
according to claim 1, further comprising:
after the (1),
(g1) removing the first film; and
(g2) forming a gate electrode 1n the first region.
7. The manufacturing method of a semiconductor device
according to claim 6, further comprising:
after the (gl) and before the (g2),
forming an opening by forming a first insulating film over
the fourth nitride semiconductor layer and then by
removing the first insulating film 1n the first region.
8. The manufacturing method of a semiconductor device
according to claim 1,
wherein the first film comprises a gate insulating film.
9. The manufacturing method of a semiconductor device
according to claim 8, further comprising:
after the (1),
(g) forming a gate electrode over the gate insulating film.
10. The manufacturing method of a semiconductor device
according to claim 9, further comprising:
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alter the (1) and before the (g),
forming an opening by forming a first insulating film over

the gate insulating film and the fourth nitride semicon-
ductor layer and then by removing the first insulating
film over the gate sulating film,
wherein in the (g), the gate insulating film and the gate
electrode are 1in contact with each other at the opening.
11. A manufacturing method of a semiconductor device,
comprising:
(a) forming a second nitride semiconductor layer over a
first nitride semiconductor layer;
(b) forming a third nitride semiconductor layer over the
second nitride semiconductor layer;
(¢) forming a fourth nitride semiconductor layer over the
third nitride semiconductor layer;
(d) forming a first film over a first region of the fourth
nitride semiconductor layer;
(¢) forming a silicon nitride film over the fourth nitride
semiconductor layer and the first film; and
(1) removing the silicon nitride film,
wherein the electron aflinity of the second nitride semi-
conductor layer 1s equal to or larger than the electron
aflinity of the first nitride semiconductor layer,
wherein the electron athinity of the third nitride semicon-
ductor layer 1s smaller than the electron athimity of the
first nitride semiconductor layer,
wherein the electron afhinity of the fourth nitride semi-
conductor layer 1s larger than the electron aflinity of the
first nitride semiconductor layer, and
wherein the first film comprises a laminate of a gate
insulating film and a gate electrode.
12. The manufacturing method of a semiconductor device
according to claim 11,
wherein the silicon nitride film contains S1—H bonds and
N—H bonds and a ratio of the Si—H bonds to the
N—H bonds 1s 0.3 or more and 0.45 or less.
13. The manufacturing method of a semiconductor device
according to claim 11, comprising;:
alter the (1),
forming a source electrode and a drain electrode in second
regions located on both sides of the first region of the
fourth mitride semiconductor layer, respectively.
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